Abstract: This paper, presents a direct adaptive control design method for uncertain nonlinear non-minimum phase systems. First, an appropriate reference signal is designed such that the internal dynamic subsystem is input-to-state practical stable. Then an output feedback control, which does not rely on the state estimation, is designed such that the output of system asymptotically tracks this reference signal. This controller is comprised of a dynamic linear controller, an adaptive neural network and a discontinuous robustifying term. Stability of the overall system is guaranteed using the small gain theorem. The effectiveness of the proposed scheme is shown in simulations using a nonminimum phase non-affine system. Copyright©2007 IFAC
INTRODUCTION
Control system design for complex nonlinear systems has been widely studied in the last decade. Many remarkable results in this area have been reported, including feedback linearization techniques (Isidori, 1989; Esfandiari and Khalil, 1992) , backstepping design (Krstic et al., 1995) , and systems with unmatched uncertainties (Koshkouei et al., 2004) . For uncertain systems, some researchers (Slotine and Li, 1991; Levant, 2003 Levant, , 2005 have developed sliding-mode control approaches. In these methods, the controller gains are computed using the upper bound information on the system uncertainties, which is normally unavailable and there is no direct method to obtain them. Therefore, these methods can yield overestimation resulting from a conservative design. To overcome this problem, several adaptive schemes have been developed for affine nonlinear systems in order to deal with the problem of parametric uncertainties (Marino and Tomei, 1995; Khalil, 1996) . During the last decade, adaptive methods based on Neural Networks (NNs) have been developed to control uncertain nonlinear systems by removing the unknown nonlinear part of the system. Most of these approaches have been proposed for affine systems (Lewis et al., 1995 (Lewis et al., , 1996 and some of them consider non-affine systems based on the state feedback (Kim and Calise, 1997) or based on the output feedback (Ge et al., 1999; Ge and Zhang, 2003; Hovakimyan et al., 2002) . A common assumption in the aforementioned methods is that the zero dynamics are globally asymptotically stable or input-to-state stable (ISS). Isidori (2000) has presented a solution for robust semi-global stabilization of non-minimum phase systems based on auxiliary constructions. Karagiannis et al. (2005) have proposed a method for global output feedback stabilization by designing an observer and using classical backstepping and small-gain techniques. In this method, they have considered the stabilization problem for systems where nonlinearities depend only on the output. Chen and Chen (2003) have proposed a state feedback method for stabilization of uncertain non-minimum phase affine systems based on linearization of the internal dynamics and using an enhanced radial-basisfunction NN. In this paper, a direct adaptive control method is developed for non-minimum phase non-affine nonlinear systems. The system dynamic is considered as two subsystems. The internal dynamics, which is called the η -subsystem and other dynamics, referred to as the z -subsystem. First, it will be shown that the η -subsystem is input-to-state practical stable (ISPS) (Jiang, 1999) , with input tracking error e , by designing a suitable reference signal d y which is applied as the input to the η -subsystem. Then, the asymptotic stability of the tracking error dynamic in the z -subsystem is guaranteed by using a combined output feedback control. This controller contains a linear controller that is augmented with a neuroadaptive element and an adaptive robustifying term, which are used to cancel out the modeling uncertainties. The NN operates over a tapped delay line of memory units, comprised of the system input/output signals. Moreover, the adaptation law for the NN weights depends only on the output tracking error with the aid of strictly positive realness (SPR) of the tracking error dynamic. In particular, because of approximation errors inherent in NNs, when the number of neurons is limited or initialization of weights are not suitable, most of these methods can guarantee only uniformly ultimately bounded (UUB) stability. To remove this obstacle and to compensate the reconstruction errors, a method has been widely used in which an extra non-adaptive robustifying input term is considered based on information about boundary conditions of system uncertainties, which may be unavailable. This approach may results in a conservative design (Lewis et al.1996 , Polycarpou and Mears 1998 , Seshagiri and Khalil 2000 . To overcome this problem, an adaptive robustifying control term, which guarantees the robustness of the system against approximation error of NN and assures the asymptotic stability of tracking error, is proposed in this paper. The stability of the interconnection of two subsystems is proved by using small gain theorem.
The rest of this paper is organized as follows: Section 2 describes the class of nonlinear systems to be controlled and the problem of the tracking error. In Section 3, ISPS of internal dynamics, with tracking error as input, is studied. The controller design procedure and approximation properties of the NNs are addressed in Section 4. In Section 5, stability of the closed-loop system is presented. Simulation results are given in Section 6, followed by conclusions in Section 7.
PROBLEM STATEMENT
Consider the nonlinear SISO system in normal form 
The controller design procedure is considered in two parts. First () d y η is designed such that in the η -subsystem η S becomes ISPS with input e. Then, an output feedback control law that utilizes the available measurement (), yt will be used to obtain the system output tracking for the trajectory () d yt, which is assumed to be r-times differentiable. where matrix 1 P is the unique positive-definite symmetric solution of (7). Using (6), (8) and (9) L is an ISPS-Lyapunov function for subsystem η S , which means this system is ISPS with input e (Jiang, 1999) . I.e., there exist a continuous positive definite function a , a k -function c and a constant 0 c ³ such that
4. CONTROLLER DESIGN
Feedback Linearization
By introducing the following transformation: ˆ( ,) byu n = (15) feedback linearization is performed. In (15), n is referred to as a pseudo control signal and ˆ ( ,) byu is a good approximation of the (,) bu x . Hence, the modeling error is ( ,,) (15) and (16) 
The following assumption provides conditions that guarantee the existence and the uniqueness of a solution for ad u .
Assumption 3. The map ad u ®D is a contraction over the entire input domain. This means, the following inequality should be satisfied:
Substituting (15), (16) and (18) into (21) 
Inequality (22) Hence, ˆ( ,) byu should be selected such that it satisfies conditions (23).
Construction of SPR Error Dynamic
In this section, the strictly positive realness (SPR) property of the closed-loop error dynamic is studied.
and the filtered error signal e % is defined as 
Neural Network-Based Approximation
It can be shown that under the observability condition of system (1), the modeling error (,,) u D z η can be approximated by an MLP neural network based on the input-output data only (Lavertsky, et al., 2003) as Proof: See (Hoseini, et al. 2006) .
STABILITY ANALYSIS
In this section, first, asymptotic stability of the tracking error is proved, followed by stability of the overall system using the small gain theorem. Substituting (38) in (32), the closed-loop error dynamic can be represented as Hence, the transfer function operator in (41) is not commutable. Now, consider the following error terms
for which the following bounds can be defined
where 345 ,and ccc are positive numbers. Substituting (42) into (41) 
==
ψψΨΨ . In order to show that the error dynamics are asymptotically stable in the proposed control method, the following lemma is needed.
Lemma 2:
The following inequality holds:
where, 
where P is the unique positive-definite symmetric solution of (33) 
Since, the right-hand side of (50) 
which concludes the proof.  Now, the overall stability of the system is proved in the following theorem. (52) and (53), depicted in Fig. 1 Proof: (Karagiannis, et al., 2005) Remark: By comparing (12) and (49) with (54) and (55) it can be shown that 21 0, g = so the small gain condition (56) is always satisfied and the interconnected systems (3) and (4) are ISPS. Moreover, since 0 d = , the overall system is uniformly ultimately bounded. Note from (12) that smaller bound on error can be achieved by selecting large compensator gains k and c k ; but unfortunately increasing the compensator gain leads to peaking phenomenon (Seshagiri and Khalil, 2000) . In addition if η å is ISS (i.e. 0 0 c = ) then the overall system is asymptotically stable. 
SIMULATION EXAMPLE
The performance of the proposed controller is illustrated by considering the following nonminimum non-affine nonlinear system 
The relative degree of the system with output y is 2. In fact, the zero dynamic of the system is 2 0.8 hhh =+ & , which is unstable. Note that assumption 2 is satisfied; that is u is added to the control law, the states of system are still oscillatory, but stable (Fig. 2b) . By adding the robustifying term R u , all the states of system are stable with good transient response and small steady-state error. The norms of weights of the NN are depicted in Figure 2d . It shows that the weights remain bounded.
CONCLUSION
In this paper, a direct adaptive output-feedback control method was developed for non-minimum phase nonlinear systems. The main feature of the proposed method is that it does not need any state estimation. The system dynamic was considered as two subsystems. The h -subsystem, which includes the internal dynamics, was stabilized input-to-state practical with input e using a suitable reference signal. The asymptotic stability of the error dynamic was guaranteed by using a combined output feedback control method. The overall system stability was shown using the small gain theorem. The effectiveness of the proposed scheme was demonstrated using a non-minimum phase nonlinear system. 
